Abstract-We have developed a system to extend, by a factor of up to 1000, the voltage range over which Josephson arbitrary waveform synthesizers (JAWS) can be used in ac voltage metrology. The system is based on a precision inductive voltage divider, with a lock-in amplifier as the detector. Using a JAWS with a maximum output voltage of 250 mV (root mean square), we have made accurate voltage measurements up to 120 V at 60 Hz with expanded uncertainties (k = 2) of no more than 1.5 µV/V and demonstrate that the system can operate up to 1 kHz. We anticipate that our JAWS-based system will improve uncertainties in ac voltage metrology by one order of magnitude compared to techniques based on thermal voltage converters.
I. INTRODUCTION
T HE Josephson arbitrary waveform synthesizer (JAWS) [1] has the potential to replace thermal voltage converters (TVCs) as primary standards for alternating voltage with the ultimate accuracy of a quantum standard. A number of national metrology institutes have established JAWS-based systems for the characterization or replacement of TVCs (see [2] - [5] ). The voltage range of JAWS technology is presently limited to 1.5 V [all voltages refer to root-mean-square (rms) values] for a single superconducting integrated circuit, due to challenges in the microwave circuit design for fast pulses. It has been demonstrated that connection of the JAWS chips in series can produce higher voltages [6] , but errors such as leakage currents and unequal on-chip and between-JAWSchips time delays are presently limited the output voltage to 4 V [7] . However, ac voltage metrology requires voltages up to 1000 V to cover the voltage range of precision voltage calibrators and ac voltage standards. At the National Measurement Institute Australia (NMIA), we have developed a 1000-V inductive voltage divider (IVD) of excellent ratio accuracy [8] that can potentially extend the voltage range of the JAWS up to a factor of 1000 without an appreciable increase in the uncertainty. In collaboration with the National Institute of Standards and Technology (NIST), NMIA has been developing such a standard [9] . This paper, which is an extension of [10] , presents a continuation of this paper. We have combined a 250-mV NIST JAWS system [11] with the NMIA IVD and a lock-in amplifier and demonstrate agreement with TVCs at voltages up to 120 V at 60 Hz, within the uncertainties of the TVCs. The system can operate up to 1 kHz. The target uncertainties for our system are from 0.1 to 2 μV/V, depending on voltage and frequency. We describe the measurement system, present the results of its evaluation, and discuss relevant uncertainty components. Fig. 1 shows a simplified diagram of the system. The ac voltage from a semiconductor-based source is applied to an ac measurement standard (the instrument under test) and to the input of the IVD. The ac source is synchronized with the JAWS using an arbitrary waveform generator referenced to the same 10 MHz signal as the JAWS. This 10-MHz signal is derived from the cesium clock that is designated as the Australian national frequency standard. The phase difference between the output voltage of the IVD and the JAWS can be adjusted within 0.001°. The difference between these voltages is applied to a lock-in amplifier, which is set to measure the in-phase component of the difference.
II. MEASUREMENT SYSTEM DESCRIPTION
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The difference voltage is formed using coaxial cables and a modified tee connector and is applied to a single input of the lock-in amplifier. This is the main improvement from [9] , where a differential summation function of the lockin amplifier was relied upon. This improvement reduces the uncertainty component introduced by the lock-in amplifier to the measurement, since the lock-in amplifier measures the difference of two signals (less than 10 μV) rather than two large signals (e.g., 120 mV) and forming their difference in firmware. The tee connector joins the low potential terminal of the JAWS to the low potential terminal of the IVD output.
The ratio uncertainties of the IVD range from 1 × 10 −9 to 7 × 10 −9 V/V at frequencies from 40 Hz to 1 kHz. The ac source is a Clarke-Hess § 5500 phase standard modified to accept an external reference signal whose frequency can be adjusted within a small range to enable synchronization.
Two essential factors for achieving quantized operation of the JAWS are carefully laid out connections and an absence of ground loops. The circuit measurement ground is connected to the mains safety conductor (earth) at the low potential output of the IVD only. The cases of the ac source and the lock-in amplifier are disconnected from the mains safety conductor to mitigate the effects of common-mode input voltage with respect to the mains safety conductor. The low potential terminal of the ac source (which is connected to its case) and the low potential terminal of the lock-in amplifier (which is internally connected to its case through a 10-k resistor) are connected to the measurement ground using a "star" connection. The guard of the ac measurement standard is connected to the measurement ground but disconnected from its internal ground terminal. To avoid ground loops through the GPIB computer interface, the lock-in amplifier is connected to the control computer through an optically isolated GPIB extender. To ensure electrical safety, the ac source and the lock-in amplifier should be connected to the mains through isolation transformers.
The system operation requires two phase adjustments-the phase difference between the ac source and the JAWS, and the reference phase setting of the lock-in amplifier with respect to its input. To make these adjustments, we use the following procedure. First, the cable is disconnected from the output of the IVD and shorted. Then, the reference phase of the lock-in amplifier is adjusted to minimize the quadrature component of the lock-in amplifier reading. Finally, the cable is reconnected to the output of the IVD, and the phase of the ac source is adjusted by, again, minimizing the quadrature component of the lock-in amplifier reading and monitoring that the in-phase component of the lock-in amplifier is minimum.
III. SYSTEM EVALUATION
The voltages generated by the JAWS must be: 1) insensitive to the specific JAWS circuit and bias electronics used in the particular experimental realization: 2) insensitive to the JAWS § Certain commercial equipment, instruments, or materials are identified in this paper in order to adequately specify the experimental procedure. Such identification does not imply recommendation or endorsement by the NIST and the National Measurement Institute, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose. Spectrum of three JAWS voltages generated by three different patterns of RF pulses and different repetition frequencies using the same single superconducting integrated circuit. The sampling rate was 15 MS/s. The measured signal-to-noise ratio is greater than 110 dBV, and the measurement is limited by the signal-to-quantization noise ratio of the digitizer. The results show that the JAWS output voltage is essentially the same for all the three difference patterns of RF pulses and repetition frequencies.
bias parameters (i.e., RF power and compensation current); 3) of high spectral purity, limited by the modulation scheme used; and 4) independent of the repetition frequency and of the RF pattern of pulses used to produce a particular voltage level (i.e., if a particular voltage level can be obtained using more than one pattern of pulses and repetition frequencies, then the resulting voltage should be the same). Furthermore, the measurements must agree with the conventional ac voltage standards for any chosen combination of the IVD ratio and the JAWS voltage. Any deviation from the above conditions indicates that the JAWS voltage is not quantized or an unwanted voltage is superimposed on the quantized JAWS voltage introducing an error in the measurement.
In this section, we describe how conditions (2)-(4) are met by investigating the quantization of the JAWS, and comparing the JAWS-based system with the conventional ac voltage standards of NMIA based on TVCs. The investigation for condition (1) is described in [12] .
A. Quantization of the JAWS
To investigate conditions (3) and (4) on the JAWS voltage, we used a National Instruments PXI 5922 to measure the spectrum of three JAWS voltages, each being 120 mV at 60 Hz but generated by different patterns of RF pulses and repetition frequencies (14.976, 15 .0528, and 15.2064 GHz) using the same Josephson junction array having 12 800 junctions and driven by the same output of the pattern generator. Fig. 2 shows the results. For frequencies up to 5 MHz, the noise floor and the high frequency individual harmonics are less than 1 μV, so even if an unwanted harmonic folds into and is in phase with the signal frequency of the JAWS its effect in the rms value of the fundamental will be less than 0.02 nV/V.
We also measured the correction of a Keysight 3458A configured as a digital sampling voltmeter (DSVM) [13] at 4 V and 60 Hz by using the same three JAWS voltages and the same IVD ratio of 0.03 V/V, see Fig. 3 . The measured Further, the correction of the DSVM was measured at 4 V, 60 Hz using three JAWS voltages; 120, 80, and 40 mV with corresponding IVD ratios 0.03, 0.02, and 0.01 V/V (Fig. 4) . The results agree within the standard deviation of the measurement. The results also agree well with the DSVM correction measured with the conventional ac-dc voltage standards.
The dc blocks and the attenuators at the output of the RF amplifier driving the RF pulses to the Josephson array can introduce a systematic error on the measurement [14] . To evaluate the adequacy of the dc blocks and attenuators, we measured the corrections of the DSVM at 120 mV at 60 Hz using one, two, and three cascades of dc block plus 1-dB attenuators (Fig. 5) . The error bars represent the standard deviation of the measurements. The results with different numbers of cascades agree with each other within the expanded uncertainty of the measurements. For our system, more than one cascade of dc block plus 1-dB attenuator is required to reduce the systematic errors from this source. This is an active area for our research at NMIA. For the results reported in this section, two dc blocks plus 1-dB attenuators were used. The effect of the compensation current flowing through the parasitic impedances of the Josephson array was estimated by generating waveforms with small amplitudes (10 and 20 mV) that do not require compensation current, and then measuring the change in the voltage when the compensation current was turned on and off. To increase the sensitivity of the experiment, we used two waveforms at 100 kHz [14] . The measured inductance was less than 9 nH with an estimated uncertainty of 12 nH. Hence, the effect of the inductance to the measurement has small contribution to the uncertainty for frequencies up to 1 kHz (Section IV). Changes of the RF power by 5% do not have any statistically significant effect on the measurements.
To investigate the effect of the potential ground loops and common-mode voltages on the quantized operation of the JAWS, we exploit the two isolated outputs of the IVD: unlike the grounded outputs of the IVD, the low terminals of the isolated outputs are not connected to the input low. We calibrated the DSVM at 4 V, 60 Hz using both the grounded and the isolated outputs of the IVD with the 0.01 V/V ratio. The corresponding corrections agreed within the standard deviation of the measurements.
In our setup, the combination of the IVD output impedance and the impedance of the connecting cable is less than 100 m (estimated), and the impedance of the line at the output of the Josephson array is less than 1 (measured) for frequencies up to 1 kHz. These impedances can reduce the effectiveness of the common-mode rejection ratio (CMRR) of the lock-in amplifier in the measurement circuit. We separately investigated the CMRR of the lock-in amplifier using the setup of Fig. 6 , where resistor R s represents the output resistance of the IVD, the Josephson array, and their leads. Measurements were performed with a common-mode voltage V CM of 4 V in the frequency range 60 Hz to 10 kHz, with various values Fig. 7 . CMRR for different resistance values of the experimental setup of Fig. 6 between the "hi" and "low" terminals of the lock-in amplifier. Fig. 8 . Difference between the ac-dc differences of a DSVM measured using the TVC and the JAWS system at 4 and 7 V. The error bars show the standard deviation of the JAWS measurements.
of R s (Fig. 7) . The value of the resistor was varied from 0 (ideal case) to 9 (about four times the corresponding impedance in the circuit). As can be seen from Fig. 7 , the CMRR of the lock-amplifier depends on the frequency and on R s .
B. Comparison With Conventional AC-DC Transfer Standards
Our system takes advantage of the JAWS to perform ac voltage measurements without the need of ac-dc transfer. It is not intended and cannot be used for ac-dc transfer since most of its components cannot operate at dc. Hence, it cannot be directly compared with the conventional ac voltage standards based on ac-dc transfer.
For this reason, we used two ac voltage measuring instruments as transfer standards to compare the voltages produced by the JAWS with the conventional ac voltage standards of NMIA. For voltages less than 10 V, we used the DSVM, and at higher voltages a Fluke 5790A ac voltage standard.
Precision evaluation of the JAWS system at voltages greater than 10 V is limited by the increasing uncertainties of the thermal ac-dc transfer standard. For this reason, we first evaluated our system at 4 and 7 V using two TVCs with a low uncertainty (better than 2 μV/V), and then proceeded to 70 and 120 V using TVCs with uncertainties better than 14 μV/V. We used the same IVD for both experiments, which, given the very high voltage linearity of the IVD [8] , gives us confidence that the Type B uncertainty of the system is independent of the voltage. For the low-voltage test, we measured the corrections of the DSVM at 4 and at 7 V and frequencies from 60 Hz to 1 kHz using the JAWS and the NMIA conventional ac voltage standards. The ratio of the IVD was 0.01 V/V so the output voltages of the JAWS and the IVD were 40 mV for 4 V and 70 mV for 7 V. The results are shown in Fig. 8 .
For the high-voltage test, we measured the corrections of a Fluke 5790A ac measurement standard at 70 and at 120 V and 60 Hz using the JAWS and the TVC-based ac-dc calibration system (Fig. 9) . The IVD ratio in these measurements was 0.001 V/V. Table I shows the normalized error, E n , between the conventional ac voltage standards and the JAWS-IVD system, based on the uncertainty analysis of Section IV.
IV. UNCERTAINTY ANALYSIS
Our system employs a JAWS, an IVD, a semiconductor source, and a lock-in amplifier. Each of these components introduces an uncertainty to the measurement.
Typical uncertainty statements for the calibration of voltages of 4 V at 60 Hz and 1 kHz and 120 V at 60 Hz, are shown in Tables II−IV, respectively. In each case, the JAWS voltage is 120 mV, and the IVD ratio is set accordingly. At 4 V, the estimated expanded uncertainty is less than 1 μV/V, while that at 120 V is 1.3 μV/V. At 60 Hz, the largest uncertainty components are the Type A uncertainty, which is mainly due to the noise coupled into the low-voltage JAWS-IVD part of the measurement system, and the Type B due to the dc block plus attenuator networks at the output of the RF amplifier and the CMRR of the lock-in amplifier. The Type B uncertainty component due to the dc block plus attenuator networks was estimated from measurements of the difference between two and three cascades of dc block plus attenuator networks [15] . Improving these uncertainty components is an active area of our research. The experimental results from the evaluation of our system show that the application of the JAWS can be extended to high voltages with uncertainties of a few microvolts per volt or less, depending on the voltage amplitude and frequency. The use of the IVD and the lock-in amplifier to extend the voltage range of the JAWS is limited to 1 kHz due to the frequency response limitations of the IVD, and the CMRR of the lock-in amplifier.
In this paper, we extended the range of a single superconducting integrated circuit from 250 mV to 120 V However, by using the same IVD and an amplifier at the output of the ac source, the output voltage of a 1-V JAWS chip could be extended to 1000 V without a compromise in the uncertainty.
